Abstract -The genetic variability of Apis mellifera ligustica was screened throughout the Italian peninsula and Sardinia with eight polymorphic microsatellite loci. Samples of Apis mellifera mellifera, Apis mellifera carnica and from the Buckfast breeding line were genotyped for comparison. Low Fis and Fst values suggest the absence of genetic structure within and among A. m. ligustica populations, although the high number of alleles detected and heterozygosity. Phylogenetic and individual analyses confirmed that A. m. ligustica has come to resemble one large population, probably as a result of intensive beekeeping practices such as migratory beekeeping and large-scale commercial queen trading. Since the introgression of foreign alleles into both endemic natural and commercial A. m. ligustica populations, can be detected and monitored by microsatellite analysis, the results provide a reference data set for future local biodiversity conservation and other controlled breeding programs.
INTRODUCTION
The honeybee Apis mellifera L. has been intensively studied to assess both its phylogenetic origin and taxonomy. Ruttner (1988) conducted the most extensive morphological characterization, classifying 24 Apis mellifera subspecies into four major evolutionary biogeographic branches. Ruttner's now classic hypothesis is supported by a set of morphometric studies (Cornuet and Fresnaye, 1989; Cornuet et al., 1988; Lebdigrissa et al., 1991) . Three main evolutionary branches, 'A' (African subspecies), 'C' (northern Mediterranean subspecies, including the Italian honeybee, Apis mellifera ligustica Spinola) and 'M' (western European subspecies) have been defined using mitochondrial DNA (Garnery et al., 1992; Franck et al., 1998) 
and nuclear
Corresponding author: R. Dall'Olio, rdallolio@inapicoltura.org * Manuscript editor: Walter S. Sheppard markers (Estoup et al., 1995) . The mitochondrial C branch is composed of subspecies from both the "C" and "O" morphological lineages, suggesting that the differentiation of these lineages postdated the origin of the C mitochondrial branch.
The Italian peninsula plays a pivotal role for honeybee biogeography in this scenario, as it did for many other taxa during the Pleistocene glacial period (Hewitt, 1996; Taberlet et al., 1998; Hewitt, 1999) . A. m. ligustica genetic variability has been studied in detail using allozymes (Badino et al., 1982 (Badino et al., , 1983 Manino and Marletto, 1984; Marletto et al., 1984) and other molecular markers (Franck, 2004) , which have shown hybridization with A. m. mellifera along the western Alpine arc and the Ligurian coast. Moreover, the eastern Alpine arc and particularly the Friuli region were already known as a natural hybridization zone with a subspecies from the 'C' lineage, Apis mellifera carnica (Comparini and Biasiolo, 1991; Nazzi, 1992; Meixner et al., 1993) . Recently, extensive studies have also provided mitochondrial and microsatellite evidence of past contacts between honeybees from different evolutionary branches, thus confirming past hybridization within Italian honeybees (Franck et al., 2000; Marino et al., 2002) .
Italian beekeeping developed from an ancient rural tradition. Today the queen bee breeding system is based on selection within autochthonous populations. The endemic subspecies has provided many advantages for beekeeping practice due to its large honey storing ability, docility and low swarming propensity. Because of these traits and the subspecies' adaptability to a wide range of climatic conditions, A. m. ligustica queens have been massively exported worldwide for more than 150 years (Bar-Cohen et al., 1978; Sheppard, 1989; Woodward, 1993) . In spite of this success, the importation of non-ligustica queens into Italy has also increased, particularly during the last ten years (source: Italian Health Ministry, B.I.P. -Border Inspection Post -data collection system). Besides reflecting the curiosity of beekeepers to work with new stocks, this increase is likely to be due to the lower production costs to be found elsewhere and the possibility of having queens right at the beginning of spring, if imported from the southern hemisphere. It is currently unclear whether or how these imports affect locally existing populations in Italy. Given the success and scale of the queen breeding industry, the conservation of Italian honeybees is of major concern even for economic reasons alone. However, its conservation is also important from a biodiversity perspective, where a priority is laid on preserving the endemic races of honeybees in Europe.
Here we present a nationwide data base which provides insight into the current genetic variability within A. m. ligustica. This data base will be an important tool for detecting introgression of genes from other subspecies and for determining the effects of a breeding policy based on controlled and co-ordinated rearing programs with the intense rearing of thousand of queens produced by selected mothers. We will also address the effects of professional honeybee breeding and the potential impacts of population bottlenecks caused by disease (Lodesani et al., 1995) on the population structures of A. m. ligustica.
MATERIALS AND METHODS

Sampling
Samples were collected from beekeepers (mainly hobbyist beekeepers who exclusively used putative A. m. ligustica queens) or were kindly provided by researchers. A single worker per colony was trapped and immediately killed by immersion in absolute ethanol and then stored at -20˚C until laboratory processing. A total of 379 colonies were sampled in different locations over a four-year period (2001) (2002) (2003) (2004) . A. m. ligustica samples were initially assigned to seven distinct geographical groups ( Fig. 1 ; exact sampling locations are available on the web, www.inapicoltura.org/online/apidologie2006/ sample.htm). Three more groups were constituted with samples from A. m. mellifera, A. m. carnica and the Buckfast breeding line respectively. Taxa cited in the text in normal case letters (e.g. Carnica) specifically refer to a geographical group.
Molecular analyses
Total DNA was extracted from individual workers' anterior leg after rinsing twice with bi-distilled water. DNA isolation was performed in a 96-well microtitre plate, following the Chelex method (Walsh et al., 1991) with slight modifications. Eight polymorphic microsatellite loci were analysed: A113, A28, A(B)24, A14, A107, A88, Ap43 and A7 (Solignac et al., 2003) . The PCR reaction mixture contained 1X Taq buffer (Invitrogen), 400 nM of each primer, 1 mM of each dNTP, 0.25 U of Taq DNA polymerase, 1 μL of DNA extract and PCR-water to a final volume 10 μL. MgCl 2 concentration and annealing temperature are reported in Table I , while PCR cycle conditions were standard ; Invitrogen oligo primer pairs were used and the forward primer was labelled with WellRED. PCRs were performed with a T-Gradient 96 thermocycler (Biometra) and PCR products were separated by capillary electrophoresis on a CEQ8000 Genetic Analysis System (Beckman Coulter, software ver. 8.0). Allele sizes were scored with the CEQ DNA Size Standard Kit-400 (Beckman Coulter).
Statistical analyses
Unbiased estimates and standard deviations of gene diversity of microsatellite loci were computed according to the method described by Nei (1978) ; genotypic linkage disequilibrium (with Bonferroni correction), population parameters and microsatellite variation within and between groups were analysed with "Fstat" software (Goudet, 1995) . Exact tests for Hardy-Weinberg equilibrium and genotypic differentiation were carried out using the "Genepop" package (Raymond and Rouset, 1995 ver.3.1) . Multiple test significance was assessed using Fisher's exact test (Genepop package). Genetic differentiation between groups was computed using unbiased estimates of Fst values provided by Fstat and the (δμ) 2 microsatellite distance (Goldstein et al., 1995) .
Neighbor-joining analyses were performed to establish relationships among groups using the "PHYLIP" software package (Felsenstein, 1993 ver.3.57) , with the NJ-algorithm (Saitou and Nei, 1987) and the two genetic distances of CavalliSforza and Edwards (1967) and Nei (1978) . Bootstrap values were computed over 2000 replications (Hedges, 1992) by resampling either loci or individuals within populations.
"Structure" (Pritchard et al., 2000 ver.2 .1) software was used to obtain individual 'a posteriori' confirmation of the taxonomic posting for each sample: a first analysis was conducted to infer the most likely number of population (k), representative of the whole dataset, without the use of any 'a priori' information; a sub-dataset including only A. m. mellifera, A. m. carnica and Emilia-Romagna (to represent A. m. ligustica) bees was subsequently investigated to detect the presence of hybrid traits in north-eastern Italian bees and assess the genetic composition of Buckfast samples. The 'Admixture Model' and 'Correlation Model' were the parameters chosen for the purposes of analysis; a 75% level of cut-off was used to validate the correct posting of each sample in the inferred populations. Table II . Overall parameters of the 10 groups across all loci. N = mean sample size, n = mean observed number of alleles; Ho = observed heterozygosity; He = expected heterozygosity; the Fis values are also shown with the P-value after Bonferroni's correction (***: P < 0.01; *: 0.01 < P < 0.05; n.s.: P > 0.05). 
RESULTS
Overall parameters of the 10 groups and the Fis values are shown in Table II . Observed heterozygosities varied between 0.375 (A. m. mellifera) and 0.605 (Buckfast). The average number of alleles per locus per population ranged between n = 5.3 (Mellifera) and n = 9.4 (Mediterranean coast).
The Fis values, reflecting the heterozygote deficit within groups, did not exceed 0.161 (Mediterranean coast) except in the A. m. mellifera group, which had Fis = 0.418. Fisher's test was used to assess whether any of the groups could be considered as single populations. Genotypic differentiation showed 42 significant values out of 45 pair-wise comparisons. The Sardinia group was not significantly differentiated from any Italian group except for the North-east group. The North-west group was not significantly differentiated from the Buckfast breeding line.
The number of alleles and the observed and expected heterozygosity per locus and detailed allele frequencies are reported in Table III The exact test for linkage disequilibrium at the 5% level for each pair of loci in each sample and overall did not provide any significant P-value after Bonferroni corrections.
Multilocus Fst values among the ten groups (Tab. IV) gave 31 significant pair-wise comparisons (12 of them highly significant), with Based on the analysis of whole data set using 'Structure', five was inferred as the most likely number of population (k): both Mellifera and Carnica groups had a high proportion of membership respectively in only one of these inferred populations, while most A. m. ligustica samples shared their proportion of membership in the remaining three inferred populations, not following a clear geographic structure. Buckfast, North-east and North-west groups showed a lower proportion of membership compared to the remaining Italian groups. The analysis of the second dataset allowed us to assign 4 out of 15 honeybees from the artificial Buckfast breeding line (3 to Carnica and 1 to the Emilia-Romagna group), while the individual analysis of North-east honeybees showed for most of them a high proportion of membership in the same population that clustered Carnica honeybees (Fig. 2) .
DISCUSSION
Microsatellites confirmed their discriminating power for closely related taxa: a clean distinction could be made not only between honeybees belonging to different evolutionary branches, but also between A. m. carnica and A. m. ligustica honeybees (both belonging to branch C), for which loci A14, A113 and Ap43 showed to be the most informative. Locus Ap43 revealed the presence of almost one private allele for each of the three taxa.
Moreover, most of the samples from the Buckfast breeding line could not be correctly assigned by individual analysis to any of the three subspecies included in the reference database, thus confirming their hybrid origin. The high mean number of alleles detected (despite the low sample size) is therefore not surprising and further underscores the genetic diversity in this artificial lineage.
The suite of microsatellites we used provided an objective diagnostic method for confirming the origin of A. m. ligustica breeding lines and detecting both hybrids and the potential introgression of other subspecies. Cluster analysis revealed the presence of non-A. m. ligustica alleles in the northern Italian groups. Particularly in the North-east group, Carnicacharacterizing alleles were identified. The individual analyses showed evidence of introgression not only in samples from the known natural hybridization zone (Friuli), but also in samples taken from honeybee colonies in the north of the Veneto region; this might be due to either or both natural migration and transport by beekeepers.
Professional beekeeping practices can interfere with attempts to conserve indigenous honeybee subspecies. Controlled and co-ordinated breeding programmes in Italy, which involve the intensive rearing of thousands of queens produced by a few selected mothers, have resulted in the loss of genetic diversity within native populations (Bolchi Serini et al., 1983; Marletto et al., 1984) .
In a study by Franck et al. (2000) , genetic structure was detected despite the fact that the number of alleles per locus was substantially smaller than in the present study (e.g. 5 fewer alleles for locus A113). According to the data presented herein, none of the Italian groups shows a population substructure and local genetic variability is as great as genetic variability throughout the peninsula, as may be seen from the non-significant Fst values and poor resolution of the inner nodes of the NJ-trees. The higher number of alleles detected may thus only mirror the effect of the dense coverage of the sampling area.
The population of Sardinia may be symptomatic. In spite of the insular situation, both the Fisher and Fst methods returned nonsignificant differences with the other A. m. ligustica groups, thus revealing the absence of genetic isolation. This mirrors the effects of the yearly large-scale importation of queens and honeybees from the Italian peninsula Prota, 1994, Verardi et al., 1998) .
The conclusions that may be drawn from the present study indicate that Italian honeybees still have unique genetic characteristics typical of the subspecies A. m. ligustica, which deserve to be conserved. In light of the potential introgression of genes from artificial breeding lines and adjacent subspecies in Northern Italy, it seems warranted to carefully plan and continue breeding efforts to maintain A. m. ligustica as a subspecies serving the beekeeping industry in Italy. As Italian environments show huge differences across the peninsula and islands, we were surprised not to have found specific ecotypes within A. m. ligustica. Given the population structure, also as evidenced by individual analysis, it currently looks as if the queen breeding routine -with queen rearing in the north, but queen mating in the south -has caused an amalgamation of local populations into one large Italian population. We recommend that the study of this suite of microsatellites and particularly of the highly polymorphic loci A7 and A107 be continuously monitored through population studies in small geographic areas to detect any changes in the population structure.
